ABSTRACT The main objective of this study was to evaluate the correlation between the Environmental Relative Moldiness Index (ERMI) values in the Department of Housing and Urban Development American Healthy Homes Survey (AHHS) homes and an alternative analysis frequently used in mold investigations, i.e., the inspector's "walkthrough" assessment of visual or olfactory evidence of mold combined with occupant's answers to a questionnaire about mold odors and moisture. Homes in the highest ERMI quartile were in agreement with visual inspection and/or occupant assessment 48% of the time but failed to detect the mold in 52% of the fourth quartile homes. In about 7% of lowest ERMI quartile homes, the inspection and occupant assessments overestimated the mold problem. The ERMI analysis of dust from homes may be useful in finding hidden mold problems. An additional objective was to compare the ERMI values in inner city east-Baltimore homes, where childhood asthma is common, to the AHHS randomly selected homes.
INTRODUCTION
The Institute of Medicine's expert committee concluded that exposure to moldy, damp indoor environments was associated with respiratory tract symptoms.
1 A meta-analysis of studies associating mold contamination with adverse health effects demonstrated that building dampness and mold were associated with approximately a 30% to 50% increase in a variety of respiratory and asthma-related health outcomes. 2 Other studies have shown that remediating the water damage and mold in asthmatics' homes resulted in improvements in their health. 3, 4 Therefore, accurate assessment of the molds in homes may be critical in evaluating asthma trigger concentrations.
In 2007, ASTM International promulgated the standard D 7297 "Practice for Evaluating Residential Indoor Air Quality Concerns". 5 The first phase of this Standard is based on a "walk-through" examination of the home. A "walkthrough" examination had also been promulgated in the 2006 ASTM standard E 2418 "Guide for Readily Observable Mold and Conditions Conducive to Mold in Commercial Buildings: Baseline Survey Protocol". 6 The use of a "walk-through" and/or questioning of the occupants about water and mold is frequently the initial method(s) in a mold investigation. Taking samples for mold analysis have generally not been recommended because of the lack of standardization in the sampling procedure, the analysis, or interpretation of the results. 7 Johnson et al. 8 reached a similar conclusion regarding air sampling by noting that "professional judgment in the evaluation of airborne mold sampling data leads to inconsistent conclusions regarding the presence of an indoor mold source."
This present report describes and contrasts the methods for estimating water damage and mold-burden assessments that were used in the HUD American Healthy Homes Survey (AHHS). 9 The AHHS was a random sampling of about 1,100 homes across the US and analysis of their environmental conditions. One of the conditions evaluated was mold. An inspector investigated the living room and bedroom of each home for visible mold and/or musty smell. In addition, the home's occupants answered two questions about water damage and/or musty smells. At the same time, a combined dust sample from the living room and bedroom was obtained from each home by the inspector using a standard protocol. These dust samples were analyzed for 36 molds using a DNA-based technology called mold-specific quantitative PCR (MSQPCR). 9 The 36 species in the analysis are based on the 26 group 1 species which we have shown to be associated with homes with water damage and the ten group 2 species which are found in homes independent of water damage. [10] [11] [12] [13] [14] Analysis of these molds and mathematical treatment of the data resulted in the creation of the Environmental Relative Moldiness Index (ERMI) scale which describes the mold burden in a home with a single numeric value. 9 The homes in the lowest quartile have the lowest mold burden. Each higher quartile indicates more mold present in the home, until the fourth quartile which indicates homes with the most mold.
Thus, the main objective of this study was to evaluate the correlation between the ERMI values in the AHHS homes and an alternative, i.e., the inspector's report of visual or olfactory evidence of mold during a "walk-through" combined with occupant's answers to a questionnaire about mold odors and moisture problems.
METHODS
The American Healthy Homes Survey (AHHS) 9 "targeted a nationally representative sample of permanently occupied homes or housing units". A housing unit is defined as a house, apartment, mobile home, a group of rooms, or a single room that is occupied as separate living quarters. Separate living quarters are those in which the occupants live and eat separately from any other persons in the building and which have direct access from the outside or through a common hall.
The first stage of the selection process was to choose 100 clusters called "primary sampling units" (PSUs) which covered the entire U.S. The PSUs were selected with probability proportional to population in the 2000 Census. The second stage of the selection process was to choose five "segments" in each PSU with probability proportional to the total number of housing units in the segment. A segment consists of a Census block or a group of geographically contiguous blocks, and in most cases is similar to a city block. The third stage in selection of a sample of housing units required the use of a "sampling frame". A sampling frame is a list of all units in the segments from which the sample of housing units were drawn. A frame of housing units was created by a variation of a process called "listing". Listing is the process of identifying and recording the addresses of households (or their descriptions and locations, if they do not have addresses) on listing sheets. In this way, all of the places where people live, or might live, within the boundaries of the segment are eligible for inclusion in the study.
For this survey, lists of households in the sampled segments were acquired from commercially available sources. A sample of 4 residential addresses, plus 2 backup addresses, was randomly selected from the list in a typical segment to determine which households were eligible to be included in the sample. These lists were validated by a modified listing process in which interviewers visited the sampled segments with the acquired lists to compare them with the housing units actually present to validate a list for each designated segment within each PSU. This comparison resulted in some housing units being added to the lists and others being deleted from the lists. The result was the ultimate selection of 1,144 homes for sampling of which sufficient dust was collected in 1,096, which were the subjects of this present study (for more detailed information about the selection process, go to www.hud.gov).
As part of the survey, the inspector evaluated the living room and bedroom (a child's bedroom, if there was a child, or any bedroom, if not) for either visual or olfactory evidence of mold. The "walk-through" did not include searches, like moving furniture or instrument measurements. In addition, the occupants were asked two questions related to mold or water damage. Question 1: "During the past twelve months, have there been water problems or dampness in your home from broken pipes, leaks, heavy rain, or floods." Question 2: "Does your home frequently have a mildew odor or musty smell." The response for each question was recorded as a "yes" or "no".
The collection and analysis of the dust by mold-specific quantitative PCR (MSQPCR) was described previously. [15] [16] [17] Dust is collected from the child's bedroom (or any bedroom if there is no child) and the living room to produce a single sample of dust from the home. 9 The ERMI was calculated as shown in Eq. 1, by taking the sum of the logs of the concentrations of the 26 group 1 species (s 1 ) and subtracting the sum of the logs of the concentrations of ten group 2 species (s 2 ).
For computation of the ERMI, the concentrations in cell equivalents per mg of dust (CE mg -1 dust) of fungal species not detected in the dust sample were set to the minimum detection limit (MDL) of one (1) CE mg -1 dust before log transformation. Statistical analyses for two group comparisons of mold concentrations (CE mg -1 dust) estimated by MSQPCR set the value of non-detected species to one half the MDL and treated them as left-censored data, using the Wilcoxon rank-sum statistical test. 18 The correlation between ERMI values for homes in the highest (fourth quartile) and lowest (first quartile) mold burdens on the scale and the mold inspector's observations combined with the occupant's answers about mold and moisture questions were tested. The highest ERMI quartile homes which had at least one positive response to a mold assessment or question were compared on individual mold concentration to those with all "no" assessments using the Wilcoxon rank-sum test. A similar comparison was made between the first quartile homes, which had a musty smell or visible mold, and the mold concentrations in the fourth quartile homes. All statistical analyses were performed using the SAS software system (version 9.1, SAS Institute Inc., Cary, NC, USA) and the R Software environment for statistical computing and graphics (version 2.5).
Dust samples (n=233) from an earlier inner city east-Baltimore study were kindly provided by the team from Johns Hopkins University. 19 Dust was collected from the child's bedroom, sieved to a pore size of 300 μm and 5 mg of dust analyzed by MSQPCR. The ERMI value for each home was calculated as described above.
RESULTS
In Table 1 , the ERMI quartile is shown in conjunction with the occupants' answers to the survey questions and the inspectors' observations for the AHHS homes (n= 1,084 to 1,088, since some information was not obtained). Table 1A shows an overall average of 28% of the occupants reported having water problems in their homes in the past 12 months with the highest percentage (34%) in the fourth ERMI quartile, and lowest (24%) in the first quartile. In Table 1B , 16% of occupants reported a musty smell in their homes, with the highest percentage (24%) again in ) and detection rate for each of the 36 molds that make up the ERMI are given in Table 2 for the 273 homes in the fourth quartile of the ERMI scale. Of these 273 homes, 132 (48%) had at least one positive assessment/observation of mold, while the remaining 141 homes (52%) had a "no" response to all four questions/observations. This Median values reported were computed using a Kaplan-Meier survival model with data modified to account for left-censored data (% GMDL percentage of homes with occurrence less than the minimum detection limit)
b Statistical comparisons are not recommended when either or both groups show >80% non-detections. The only mold that appears to show a statistical difference between the two groups (Penicillium group 2) had >80% non-detections in both groups. Therefore, it is an unreliable statistical test.
would suggest the possibility that significant mold contamination may have existed in some homes that went undetected by either the home occupants or inspector. To test this hypothesis, we compared these two groups on the CE concentrations of the 36 index species using the Wilcoxon rank-sum test (Table 3) . In all cases where at least 20% of homes were measured at or above minimum detection levels (MDL), there was no statistical difference between the two groups.
On the other hand, is it possible that the ERMI underestimated mold contamination that the inspectors observed? Of 16 homes in the ERMI first quartile with a musty smell by inspection, there was only one that also had visible mold. (The other two with visible mold did not have a musty smell.) Therefore, a total of 18 homes in the first quartile had a musty smell and/or visible mold. The populations of molds in these 18 homes were compared to the 273 in the fourth quartile (Table 4) .
Using the Wilcoxon test and reporting the sample medians, only 26 of 36 molds were common. (Those with fewer than 20% detections were not included in the analysis.) None of the group 1 species was higher in concentration in these 18 first quartile homes than in the fourth quartile homes.
The national ERMI scale was compared to a set of inner city homes. The cumulative percentages of ERMI values in the homes of the 233 inner city eastBaltimore homes, where childhood asthma is very common, are shown in Figure 1 , adjacent to the cumulative percentages from the AHHS national survey of homes. The Baltimore curve is shifted to the right of the US survey curve indicating a consistently increased trend of greater mold burdens among the inner city eastBaltimore study homes than found nationally.
DISCUSSION
The HUD 2006 American Health Home Survey was designed to describe the current state of environmental conditions in US housing. This survey examined or quantified parameters like pesticides, lead, asbestos, and our focus in this study, the mold burdens. Previously, the US EPA researchers had created a DNA-based method of mold analysis called MSQPCR. This method uses unique DNA sequences that provide for the identification of the molds and a florescent probe that allows for accurate quantification of the target sequence in a sample using an instrument called a Sequence Detector. 17 Using MSQPCR technology to analyze the dust sample from each of the homes in the AHHS resulted in the creation of the ERMI scale. This scale estimates the mold burden in homes by identifying the diversity as well as the quantity of mold cells in the dust sample.
In the AHHS, the ERMI assessment was in agreement with the inspection and/ or occupant's answers about mold and moisture in 48% of fourth quartile homes. But neither of these human assessments indicated a moisture or mold problem in the other 52% of fourth quartile homes. Yet the population of the 26 water-damage indicator molds was statistically indistinguishable in any of these fourth quartile homes (Table 3) indicating that all of these fourth quartile homes had similar mold burdens. In these cases, the "walk-through" inspections and questionnaires missed hidden mold problems.
On the other hand, the ERMI values were low in 18 (7%) of first quartile homes where the inspector reported mold or musty smell (Table 1) water-damage indicator molds in these 18 homes were similar to the population of these molds in fourth quartile homes (Table 4) . In these homes, the human assessments overestimated the mold burden. This demonstrates that human assessments are hard to standardize. But many mold assessments are based on just such a visual/olfactory inspection during a "walk-through" and by questioning the occupants. These assessments cannot be carried out in an objective and quantitative manner because they rely on human perceptions. 20 The collaboration of EPA and HUD researchers in the AHHS resulted in the development of the ERMI scale. 9 The ERMI scale allows homes to be ranked in terms of relative water damage and mold growth and allows homes to be divided on the relative basis of rank order statistics using quartiles. 9 The standard dust sample protocol combined with a DNA-based method of analysis makes this approach more objective and quantitative than the human assessment methods used in the AHHS.
What can we learn about homes in an epidemiological study using the ERMI scale? Epidemiological studies of asthmatic children's homes have demonstrated an association between higher ERMI values and increased risk of asthma or asthma related symptoms. 12, 14 When the ERMI analysis was applied in east-Baltimore inner city homes of children with high rates of asthma, higher mold burdens ( Figure 1 ) were found than in the random national sample. 9 This finding is consistent with many studies of inner city housing which have demonstrated higher levels of asthma triggers, including molds, than housing in general. [21] [22] [23] [24] [25] [26] In conclusion, analysis of the 36 molds that make up the ERMI provided a more objective way to describe the mold burdens in homes. However, we recognize that each mold inspector has his/her own methods, years of experience, and equipment for finding mold growth. The ERMI is not designed to eliminate the investigator or inspection but to serve as another tool, like the infra-red camera or moisture meter, to help the inspector understand and describe hidden mold and moisture problems.
